Ni-Fe-base superalloy 706 has recently been used for high temperature services. A stabilizing treatment between solution-annealing and agehardening treatments has been proposed for this alloy to improve its creep rupture life. However, the relationship between stabilizing treatment and precipitation behavior has not been well understood. The precipitation behavior of Alloy 706 was investigated and related with creep rupture properties. Samples taken from a gas turbine disk forging were solution-treated at 980°C for 3h and stabilizing-treated in a range of 780 to 900°C for 1.5 h, followed by the double-aging at 720°C for 8h and at 620°C for 8h. Precipitation behavior of these samples was examined by TEM, and creep rupture tests were conducted at three conditions with varying temperature and applied stress.
Introduction
Ni-Fe-base superalloys are age-hardened by the precipitation of coherent y ' and/or y " in the austenitic matrix y (1) . Alloy 706 is a relatively new material and was developed from Alloy 718 a representative wrought superalloy. Compared with Alloy 7 18, Alloy 706 has a chemical composition of no molybdenum, reduced niobium, aluminum, chromium, nickel and carbon, and increased titanium and iron. This excellent balance of chemical composition results in superior characteristics to Alloy 718 in segregation tendency, hot workability and machinability (2) (3) (4) . Therefore, Alloy 706 is suitable for large forgings and has been used for high temperature services (5) .
A stabilizing treatment between solution-annealing and age-hardening treatments has been proposed for Alloy 706 to improve its creep rupture life (6) . The improvement in creep properties is attributed to the precipitation at grain boundary during the stabiling treatment (2-4,7-Y). We previously reported elsewhere that creep rupture properties of Alloy 706 were significantly affected by stabilizing treatment temperature (10) . However, the relationship between stabilizing treatment and precipitation behavior has not been well understood. The present study is concerned with the stabilizing treatment in an effort to correlate creep rupture properties to the morphlogy of the precipitates that form during the heat treatment.
Procedure Material
The experimental material was taken from a forged gas turbine disk manufactured frome a vacuum induction melted (VIM) and electro slag remelted (ESR) ingot that was diffusion treated and subsequently forged.
The material was sectioned mechanically into samples of suitable sizes for the following experiments. The alloy composition used in this study are given in Talbe I .
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Heat Treatment
Heat treatment conditions are shown in Frgure 1. The samples were solution-treated at 980°C for 3h and then stabilizing-treated in a range of 750 to 900°C for 1.5 h Subsequently they were double-aged at 720°C for Rh and at 620°C for 8h. Alloy 706 ts usually reheated to the stabilizing temperature after solution annealmg (6) . In this study, the stabilizing treatment was conducted m the coohng stage from the solutton treatment without cooling the material to the room temperature from the pomt vtew of mdustrtal advantage.
MicroscoDy
These samples were exammed by scanrung electron mtcroscopy @EM) and transmtssion electron mtcroscopy (TEM) for theu prectpitatton behavior. Thtn film method was used for TEM sample preparation, and final thinntng was achieved by electro-pohshmg. A 200kV TEM was used wuh macro-beam techmque m both electron dtfTractton and energy dispersstve X-ray spectroscopy (EDS), with the probe duunctcr bcmg mnumum lnm.
Creep RuDture Test
Creep tests were conducted at three conditions : 6OOc I686.5 MPa, 600 97 / 745.3 MPa and 65Ot / 686.5 MPa. The diameter of specimens was 6mm and the gauge length was 3Omm. In order to ensure the uniformity of temperature, the specimens were held for 24h at the test temperatures before loading.
SEM Observation
Results SEM micrographs of Alloy 706 stabilized at various temperatures and aged are shown in Figure 2 . No precipitate was seen inside the grains or at the grain boundary for the samples stabilized at 900 and 870°C as for the un-stabilized one. On the contrary, many precipitates were observed when the stabilizing temperature was below 84OC. Especially cellular precipitates that lay parallel to each other were observed clearly at the grain boundary.
Intra-granular Precipitate
In order to identify these precipitates that can not by SEM, TEM observation was conduct& It is reported that the intra-granular precipitate is either y ' (2, 3, 7, 8) or y " (9,lO) and that they form simultaneously (4, 11, 12) . Therefore, TEM observation was directed to the grain interior.
TEM image of Alloy 706 stabilized at 810°C and aged is shown in Figure  3 , where all types of precipitates identified in this study are seen. The precipitates of various shapes and sizes exist inside the grain. The spots arising from long-range ordering were clearly observed in a selected area each other in order to meet this orientation relationship.
As shown in Figure 11 , the precipitation of 7 resulted in the formation of the serrated grain boundary and denuded-zone around it. Micro-beam EDS found a leanness of Niobium and Titanium in this zone as shown in Figure 12 . The denuded zone was obscure after 840°C stabilization, but it became wider and more distinct as the stabilizing temperature decreased.
At 780°C. its width was greater than 1OOnm as shown in Figure 13 . It is reported that thcrc is not only 7 , but also S at the grain boundary at Alloy 706 (7, 9, 12) . However, no precipitate was identified S for more than a hundred prccipitatcs at grain boundary in this study. Only a few precipitates wcrc identified y ' in the samples stabilised at 840 and 810 "(1. This is thought that 7 forms through the transformation of y -y -7 as in A286 (l), leaving y ' as an intermediate phase.
The grain boundary appears to become serrated as the 7 phase grows.
Precipitation Behavior and Stabilizing Temperature
In order to clarify at which stage of the whole heat treatment such precipitation as described above occurs, TEM studies were carried out for the samples before and aflcr the aging treatment. The relatively large y ' and cuboidal y ' -y " co-precipitate were found to form in the stabilizing treatment at 840,810 and 780°C. The precipitation of 7 and the accompanying phenomena were also found to occur in the same stabilizing treatment. On the contrary, the fine y " and overlayed y ' -y I' co-precipitatc formed during the double-aging treatment. But, when stabilized at 780"(:, thcsc fine precipitates were rarely observed even after aging. It is extrcmcly difficult to determine the amount of these fine precipitates, especially the co-precipitate. From Figure 14 , however, the amount ofthe fme precipitates formed at the aging treatment are grater as the stabilizing temperature higher. It is concluded that the cubotdal co-precipitate is dominant when stabilized at 78Oc whereas the fme precipitates are when the stabiltzing temperature is higher than 810°C.
The results obtained in this study haa led to three groups of stabilizing temperatures in terms of the precipitation behavior ; 900 and 870°C (Group A), 840 and 8 lO"C(Group B), and 78O"C(Group C). The precipitation behavior of Group A is VirtuaIly the same as in the case where the stabilizing treatment is discarded. That is, the fme y * and overlayed y ' -y " co-precipttate arise inside the grain without any precipitation at the gram boundary. In the case of Group B, the tine precrpitates are still dominant whereas the large cubotdal y ' -7 " co-precipitate is also present inside the gram. At the same time, the T/ phase grows at the grain boundary, resulting m the grain boundary serration and the denuded zone that is still limited and narrow with this group. The large cuboidal coprecipitate is dominant in Group C, and the denuded zone becomes very wide. The precipitation behavior described here IS summarized III Table   II .
Creep Rupture Property and Stabilized Temperature
The creep strain vs. time curves for three test conditions arc shown in Figure 15 706 stabilized at different temperatures.
Discussion
As described, the classification of precipitation behavior agrees well with the classification of creep rupture properties, indicating a strong connection between them. Therefore, the results of the present study are diicussed here in accordance with the classification of stabilizing temperaWe.
Grow A : stabilized at 900 and 870x
The precipitation behavior is virtually the same as for the heat treatment program without stabilizing treatment. Therefore, creep rupture propcrties are not affected by the stabilizing treatment.
Grout B : stabilized at 840 and 810°C
Creep rupture properties are markedly improved. This improvement is contributed by the precipitations in the grain matrix and at the grain boundary.
The contribution of the precipitates in the matrix is depicted in Figure 18 that shows the minimum creep rate replotted from Figure 15 , 16 and 17.
The minimum creep rate is the smallest in the stabilizing temperature range for Group B. In this stabilizing temperature range, relatively large cuboidal y ' -y " co-precipitate is found to co-exist with the fine overlayed co-precipitates. It is reported that the cuboidal co-precipitates are more stable than single phase precipitates and are able to improve high temperature properties of Alloy 718 (13) (14) (15) (16) (17) (18) (19) (20) . The co-precipitates The contribution of the precipitation at the grain boundary is seen in the relative duration of tertiary creep to the whole creep life shown in Figure  19 that is replotted Tom Figure 15 ,16 and 17. The relative tertiary creep duration is the greatest in the stabilizing temperature range of Group B.
As seen in Table II , this improvement is mainly due to the reinforcement of grain boundary which is caused by the pinning of grain boundary by 7 , grain boundary serration, and indistinct denuded zone. Firstly, precipitates at grain boundary prevent effectively the grain boundary sliding. In Alloy 706, 7 phase has semi-coherency with the matrix and therefore effectively pins the grain boundary. Secondly, the grain boundary serration also prevents the grain boundary sliding effectively (21, 222) . That is, the geometrical change of grain boundary is considered to extend the tertiary creep duration. Thirdly, the indistinct denuded zone is considered to be retard effectively crack propagation as reported with Alloy 7 18 (23). In fact, this was supported by SEM micrographs of fracture surfaces shown in Figure 20 . The fiaoture surface of Group B specimens cons&s of many micro-dimples in contrast to the smooth tiacture surface of Group A specimens, although grain boundary fracture occurs in both groups.
Group C ; stabilized at 780°C
Creep rupture properties are extremely degraded in creep rupture life. However, creep rupture elongation is very large. The minimum creep As seen in Table II , the large cuboidal co-precipitate is dominant inside the grain in this stabilimd temperature range. In general, the smaller the precipitates, the more effective they are in precipitation hardening and the more stable they are for heat. Therefore, the degradation of creep properties is attributed to the large precipitates dominant in the matrix.
The wide denuded zone around 7 is another characteristic of the precipitation in this temperature range. It causes readily grain boundary sliding whereby overshadowing the beneficial effect of 7 precipitation.
It can be concluded that the desirable creep rupture properties are obtained when the best combination is achieved for the fine overlayed y '! y " co-precipitates, large cuboidal y '/ y " co-precipitates, and 71 phase.
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Conclusions
Intensive TEM study and creep rupture tests were conducted in order to characterize the precipitates and to relate them to creep rupture properties for Ni-Fe-base superalloy Alloy 706 stabilized at various temperatures.
Conclusions are summarized as follows.
(1) The precipitation behavior of Alloy 706 stabilized at 900, 87Oc is pracyically the same as in the case where the stabilizing treatment is discarded. That is, both fine y " and overlayed y ' -y " coprecipitate form in the grain matrix at the double-aging treatment, and no precipitation occurs at the grain boundary. Therefore, creep rupture properties is not affected by the stabilizing treatment. 
